Abstract-This paper focuses on evaluation of the Geographic Information Systems utilization for solving residential recyclables collection routing problems. Recyclables collection is considered as a part of reverse logistics to which a specific routing problem is connected. Recycling itself is one of the sustainable solutions intended for Smart Cities. Recycling rate increase in recent years and always high transportation costs are the main drivers for looking for the new methods how to optimize routing in residential recyclables collection. Geospatial relation of data by Geographic Information Systems software can be used to design and analyze the routing strategy. In this paper ArcGIS software and its Network Analyst extension is used to analyze potential routing improvement during one recyclables collection shift in El Paso, Texas, USA. Equation describing the time requirements for the process of recyclables collection with the consideration of effects of set-out rate and turns was established. Despite that the Network Analyst was not designed to solve high density routing tasks of this kind, an approach to obtain acceptable routing solution by this ArcGIS extension was developed. By applying this approach on the selected recyclables collection shift it was found that a comparable routing solution can be obtained.
I. INTRODUCTION
aste generation and its negative environmental impact is a problem faced by every country. The goal of recycling is to mitigate this negative impact. Behavior and residents' participation in recycling programs depend on the quality of provided collection service. Waste management and waste collection is a vital subcomponent of Smart Environment, one of the six basic Smart Cities characteristics according to [1] .
Providers of collection services have limited financial, human, material and other resources. Thus, to keep the level of service as high as possible, the collection system must work efficiently. Part of this efficiency may be contributed by the use of optimized collection routes. The collection route depends on the selected collection method. Different countries implemented different recyclables collection methods.
Reference [2] defines bring collection method and curbside collection method (British English -kerbside). In the bring method, residents transport waste from their homes, whereas in the curbside collection method waste is collected from their homes. Thus, the latter method needs to define the number and the location of stops for the collection vehicle to follow on its route. Bring and curbside methods are just two ends of collection methods spectrum shown in Fig. 1 . Fig. 1 . Spectrum of the collection methods from "bring" to "curbside" methods. Arrow lengths indicate distances travelled by residents to the collection points. Source: [2] As the density of bring material containers increases, they become close-to-home drop-off containers, to which residents can walk rather than drive. Such system is often used in areas with high population density and high-rise housing. In the residential areas with lower population density, the collection is mostly realized by the curbside collection method. The curbside collection method is widely implemented in many suburban areas in the United States. The most common is the single stream concept where participants are allowed to put all approved kinds of waste into a single bin.
II. RESIDENTIAL RECYCLABLES COLLECTION ROUTING PROBLEM
In the curbside collection method, routing of vehicles involves servicing almost every street in the neighborhood. In [3] such vehicle routing is understood as Arc Routing Problem (ARP). In theory, collection service is required along all arcs, but, in real life applications there are often arcs that, because there is no demand, do not require to be serviced. Also, the problem is capacitated, since there is a limited capacity of the collection vehicle. However, it is not accurate to describe the residential collection as a pure Capacitated Arc Routing Problem (CARP), since for example [4] refers to such routing problem as Constrained CARP (C-CARP). Reference [4] mentions the following specific operational conditions or constraints that differentiate C-CARP from CARP:
1. One-way streets (network includes directed arcs); 2. Prohibited turns (U-turns and left turns) at some intersections; 3. The "drop-off point" (landfill or processing plant) is not in the same location as depot where vehicles start and end their shifts; 4. Vehicles that can serve more than one route in a day.
Every route must include a "drop-off point". Only after the last route, the vehicle returns to the depot immediately after the "drop-off point."; 5. There is a constraint of the maximum hours that the vehicle's crew can work on a given day.
In addition to these constraints in case of the automated side loading vehicles, there is another constraint -curb access that is needed from the side of the vehicle where its side-loader is located (right side of the vehicle). Moreover, not all residents will set out their bins to be collected on the collection day. In this case, the demand for collection service is stochastic. Furthermore, the quantity of recyclables collected per bin is also stochastic.
III. ROLE OF GEOGRAPHIC INFORMATION SYSTEMS
Geographic Information Systems (GIS) is an integrated collection of computer software and data used to view and manage information about geographic locations, to analyze spatial relationships and to model spatial processes. For the analysis of the recyclables collection routing problem, the GIS software developed by ESRI (www.esri.com), called ArcGIS (Version 10.1) with an extension ArcGIS Network Analyst (NA) was utilized. The NA comes with several solvers, components that can solve tasks such as Vehicle Routing Problem (VRP). The VRP solver is capable to account for the limited capacity of the collection vehicle and it also allows users to control the curb access. The geographical positions, where the demand for recyclables collection is located, are in the NA denoted as orders. These orders are saved in the orders feature layer.
The algorithm in the VRP solver starts by generating an Origin -Destination Matrix of the shortest path costs between all orders and depot locations within the network. Using this cost matrix, it constructs an initial solution by inserting the orders one at a time into the most appropriate route.
The initial solution is then improved by re-sequencing the orders on each route, as well as by moving orders from one route to another and by exchanging orders between routes. Heuristics used in this process is based on the tabu search metaheuristic [5] .
IV. UTILIZATION OF THE VRP SOLVER
Since there is no ARP solver included in the ArcGIS NA, it was decided to use the VRP solver to find the solution of the residential recyclables collection routing problem.
The VRP solver is not designed for high density of orders such as the Municipal Solid Waste (MSW) or recyclables collection with bin locations considered as orders. It was found that there is a limit of one thousand orders per route.
There has been an earlier attempt to utilize the VRP solver for MSW collection by [6] . The same author also described the anomalous sequencing that occurred in the output of the VRP solver. In his work, the VRP solver did not return reasonable results when solving for larger groups of orders, typically over 150 orders. The VRP solver returned illogical sequence for points serviced, which contributed to longer than expected travel times. A preliminary experiment was conducted to investigate the cause of the sequencing errors using El Paso network dataset. With the dataset containing 299 orders it was found that this error occurs not only in Version 10.1 of ArcGIS, but also in the most recent Version 10.3.
In order to force the NA VRP solver to produce a reasonable solution without any anomalous sequence, the following procedure was developed: In the first step, the VRP solver was run with the selected orders to obtain an initial solution with anomalous sequence. If there were prohibited turns at some intersections, a setting to "allow U-turns only at dead ends" was prepared to obtain a feasible solution. In the second step, the sequence of orders from the VRP solver's initial solution was exported and joined with the orders input layer. In the third step, the sequence was modified by using the ArcGIS field calculator to correct sequencing errors. When the new correct sequence was established, the VRP solver was run again with the setting preserving this sequence and policy for U-turns set to the option "allow U-turns at intersections and dead ends". With this approach, the problem of unreasonable long travel time caused by anomalous sequencing described by [6] was eliminated.
V. ANALYSIS OF RECYCLABLES COLLECTION ROUTES
For the analysis of ArcGIS capability to solve the recyclables collection routing problem, real-life routes of one particular shift in El Paso were chosen. There were 1 606 bins in this shift. Because the shift was divided into two by a trip to the processing plant, there were two routes: The North Route contained 898 bins and the South Route 708 bins. The North Route was served first followed by the South Route as can be seen in the upper part of Fig. 2 .
To evaluate the NA's performance, an existing collection routing solution provided by the El Paso Environmental Services Department (ESD) was used for comparison. Fleet management system path report data were utilized to obtain the sequence in which the containers were serviced. Vehicle path report position was matched with the recyclables bin positions according to the real recorded time by the ArcGIS function "join based on the spatial location". The spatial visualization of this data is shown in Fig. 2 (bottom) . 
VI. THE TOTAL COLLECTION TIME MODEL
To evaluate the routing solution, the following total collection time model was established: (1) where:
TT m is the total collection time according to the model; is the travel time for the i-th road segment with service selected to be in the route; is the travel time for the i-th road segment with no service selected to be in the route; n is the total number of road segments in the route; is the i-th bin service time adjusted for the set-out rate; N BT is the total number of bins; t service is the service time per bin; S is the set-out rate, where and N Bst is the number of bins set out on a given day; t Lturns is the average time or penalty per left turn; N Lt is the number of left turns; t Uturns is the average time or penalty per U-turn; N Ut is the number of U-turns; T od is the delay caused by various factors such as the traffic congestion in the collection area.
The total collection time TT m is the time needed to travel from the starting point to the end point. The penalty delays caused by left turns, U-turns and the other delay are included.
The expression is the sum of the travel times along all road segments. It represents the total travel time and is determined by the NA VRP solver.
The expression represents the total service time considering the set-out rate.
The expression represents the total time spent by making left turns. The expression is the total time spent by making U-turns. These two delays are added after the ArcGIS processing. There is no penalty for right turns.
The expression represents the difference between the collection time determined by the model and the one provided in the ESD's path report.
VII. EVALUATION OF RESULTS
It was decided to perform three different routing simulations to make a comparison and to see the performance of the NA VRP solver with the existing approach.
At first, the ESD's path report sequence in which the bins were serviced was selected and the ArcGIS NA VRP solver was run to follow this sequence. The total collection time TT m (without T od ) was computed by (1) . This solution was chosen as the baseline solution and called the Existing Routing.
The ArcGIS was then restricted to find the best directions in the boundaries of the designed routes serving areas in the north and in the south. There were 708 bins located in the northern area and 898 bins located in the southern area. This solution was called the Modified Routing.
Finally, the VRP solver was allowed to use the capacity constrain to deliberately divide the set of all 1 606 bins located in both northern and southern areas into two routes, which the VRP solver identified as optimal. In this case the set of bins was split into two areas in the east and in the west. Routes were called the East Route and the West Route and this routing solution was referred to as the Redesigned Routing. The East Route contained 869 bins and the West Route 737 bins. The East Route was served first.
The blue line in Fig.3 , Fig. 4 and Fig. 5 represents routes, the red line in Fig. 3 and Fig. 4 represents the boundary that was set for the Existing Routing to force the collection vehicle to use the same path to the processing plant. Some of the performance parameters of the Existing Routing, the Modified Routing, and the Redesigned Routing can be compared. This comparison is presented in Fig. 6 . If we compare the three routing alternatives, the Existing Routing has the best performance. It has the lowest values for the total travel time, total distance, number of left turns and collection time, which represents the productive time spent in the neighborhood collecting bins. Because of the lowest values of these parameters it performs the best also in the key parameter -total collection time.
In terms of the total travel time, the Redesigned Routing takes 4:41 minutes longer time than the Existing Routing. An improvement was found for the non-productive travel time. The travel time to the first collected bin in the Redesigned Routing is 2:19 minutes shorter than in the Existing Routing. As for the travel time from the last collected bin to the processing plant, the time difference is 3:30 minutes. The Modified Routing has longer total distance than redesigned routing, although the total travel time is shorter for the Modified Routing. This is caused by the use of major road (Alabama St.) with higher speed limit and no bins to be serviced, so the vehicle gains traveled distance, but does not gain much travel time.
The fact that no better solution than the Existing Routing was found by the NA does not mean that there is no better solution for this routing problem. It means that the NA was not able to find a better solution with current settings.
The authors have proven that it is possible to use the ArcGIS NA VRP solver to solve routing problems involving MSW or recyclables collection. More than 1 600 bins were served in two routes, however a special approach and further processing of the first VRP solver output had to be made and the routing solution was not be the best possible.
VIII. CONCLUSION
The potential of GIS for solving residential recyclables collection routing problems was tested using the ArcGIS 10.1 software and its NA extension. Recyclables collection was identified as a CARP with specific constraints. Since there was no solver for arc routing problems in NA, a VRP solver was used. The VRP solver was not designed with the intention of being used for solving high density routing tasks such as recyclables collection, which is why it produced anomalous sequence of bins in its solutions. A method to overcome this issue and to obtain an acceptable routing solution by the NA VRP solver was developed. A mathematical model describing the time requirements for residential recyclables collection was created. The model determines the total collection time as a sum of travel time, service time with a consideration of a set-out rate and time required for left turns and U-turns.
To evaluate the capability of this approach to deliver routing solutions, a recyclables collection shift in the city of El Paso, Texas, USA, consisting of two routes was investigated for potential routing improvements. There were 1 606 bins to service in the shift, divided into first and second routes of 898 and 708 bins, respectively. To analyze this, shift data describing bin position, street centerline, container count, tons collected and truck path report were gathered.
In the data processing stage the power of GIS spatial relation of data was utilized. The join function based on spatial location was used to link the GPS positions of the truck with the positions of the bins to determine the sequence in which the bins are visited in the existing routing solution.
The Existing Routing was compared with two variants of routing solutions created by the NA. In the first variant, the Modified Routing, the NA was searching for the new routing solution in the same separate sets of 898 and 708 bins, while in the second variant, Redesigned Routing, the whole shift of 1 606 bins was divided by the NA into two different sets with the truck capacity as a constraint. The Existing Routing achieved the best performance in the terms of key parameter total collection time. It is 6.4 minutes faster than the modified routing and 7.78 minutes faster than the Redesigned Routing.
The ArcGIS NA was identified as not an ideal software for solving residential recyclables collection routing problems. The NA was capable of solving routing problems in recyclables collection, where 1606 bins were served in two routes, but special approach had to be made and the solution might not be the one with the minimal total collection time. The main disadvantage of this extension for a regular GIS user is the absence of the ARP solver. However, ArcGIS itself was found to be a powerful tool for analyzing recyclables collection data.
